Amorphous silicon nitride films (thickness 30 nm) deposited on Si(001) were irradiated with 30 -1080 keV C 60 and 100 MeV Xe ions to fluences ranging from 2 × 10 11 to 1 × 10 14 ions/cm 2 . The composition depth profiles of the irradiated samples were measured using high-resolution Rutherford backscattering spectrometry. The sputtering yields were estimated from the derived composition profiles. Pronounced preferential sputtering of nitrogen was observed in the electronic energy loss regime. In addition, a large synergy effect between the electronic and collisional sputtering was also observed. The sputtering yields were calculated using the unified thermal spike model to understand the observed results. Although the calculated results reproduced the observed total sputtering yields with a lowered sublimation energy, the observed preferential sputtering of nitrogen could not be explained. The present results suggest an additional sputtering mechanism related to the electronic energy loss. 
INTRODUCTION
When solid surface is bombarded with energetic ions the surface atoms are removed. This is called sputtering, which is the basis of many applications, such as sputtering deposition, plasma etching, surface analysis and so on. For the bombardment of low energy ions the sputtering is caused by elastic collisions between the incoming ions and the atoms in the surface layers and closely linked to the nuclear energy loss [1] . On the contrary, for the bombardment of high energy ions, the elastic collision plays a minor role in the sputtering process because the kinetic energy of the high energy ion is deposited almost exclusively to the target electrons. Nevertheless, the surface erosion is observed especially with insulators [2] . This is called electronic sputtering and in some cases huge sputtering yields, more than 1000 atoms/ion, were observed. The origin of the electronic sputtering is attributed to the electron-phonon coupling. The energy deposited to the electrons (electronic energy loss) is transferred to the atomic subsystem and this causes large local heating where surface atoms are removed by thermal evaporation. Such a local heating can be described by a so-called inelastic thermal spike (i-TS) model [3] , which was originally developed to explain the formation of ion tracks produced by swift heavy ions. Based on the i-TS model, the observed sputtering yields of crystalline and vitreous SiO 2 irradiated with swift heavy ions were well reproduced [4] .
Thus, the mechanism of sputtering is well understood in both low and high energy regimes. In the intermediate energy regime, the synergy effect between the collisional and electronic sputtering may play an important role. There is, however, almost no study on the synergy effect in the intermediate energy regime. This is partly because both the collisional and electronic sputtering yields are small in the intermediate energy regime. As a result, notable synergy effect is not expected. This is true for monoatomic ions but is not the case for the cluster ions. For the cluster ions, both the electronic and nuclear energy losses may be large enough to lead to a notable synergy effect in the intermediate energy regime.
In this paper, the sputtering yields of amorphous silicon nitride (a-SiN) irradiated with 30 -1080 keV C 60 ions are measured to study the synergy effect. Differently from monoatomic ions, both nuclear and electronic energy losses of these C 60 ions are rather large (~10 keV/nm) in this energy regime.
II. EXPERIMENTAL
A wafer of Si (001) After irradiation, the composition depth profiles of the samples were measured using high-resolution Rutherford backscattering spectrometry (RBS) at Kyoto University. The details of the high-resolution RBS measurement were described elsewhere [5] . Briefly, He The obtained sputtering yields are summarized in Table 1 together with the electronic and nuclear energy losses calculated using SRIM2011.
IV. DISCUSSION
It is seen from the Table 1 that the nuclear energy loss S n of 1080 keV C 60 is smaller than that of 30 keV C 60 , and the electronic energy loss S e of 1080 keV C 60 is smaller than that of 100 MeV Xe. This leads to the following relations because the collisional (electronic) sputtering yield Y c (Y e ) increases with the nuclear (electronic) energy loss,
and Y e (1080keV C 60 ) < Y e (100 MeV Xe) < Y(100 MeV Xe).
If there is no synergy effect between the collisional and electronic sputtering, the sputtering yield is given by the sum of the collisional and electronic sputtering yields,
Thus, the following relation can be derived from Eqs. (1) and (2),
The observed yield Y(1080keV C 60 ) = 4590 is, however, much larger than the sum of Y(30keV C 60 ) = 1200 and Y(100 MeV Xe) = 460. This clearly indicates that there is a strong synergy effect between the collisional and electronic sputtering. It is also noteworthy that the ratio of the observed partial sputtering yields, Y N /Y Si , ranges from 1.4 to 9. These sputtering yield ratios are much larger than the concentration ratio, 1.04 = 0.51/0.49, showing a remarkable preferential sputtering of nitrogen. Table 1 also shows the collisional sputtering yields calculated using the SRIM code.
In the calculation, the cluster effect was neglected, namely the calculated sputtering yield for the monoatomic carbon ion of the same velocity was multiplied by 60. The estimated sputtering yields are one to three orders of magnitude smaller than the observed results.
Because the present SRIM estimation includes only the ballistic collision-cascade (linear collision cascade) mechanism this indicates that the observed sputtering yields are mainly attributed to the electronic sputtering mechanism and the elastic-collision spike mechanism.
There are several mechanisms proposed for the electronic sputtering, such as Coulomb explosion model [7] , multi-exciton model [8] , and i-TS model [2, 4] . Among these models, only the i-TS model provides quantitative estimation of the sputtering yield and successfully explained observed sputtering yields [2, 4] . The i-TS model was originally developed to explain the track formation, which describes the temperature evolution of the electronic and atomic subsystems using two heat diffusion equations. Recently, the i-TS model was extended to include the synergy effect between the elastic collision spike and the inelastic thermal spike in the track formation [9] . In the u-TS model, the heat diffusion in time t and space r (radial distance from the ion path) is described by the following differential equations, 
where T e, a , C e, a and K e, a are the respective temperature, specific heat and thermal conductivity of the electronic and atomic subsystems, g is the electron-phonon coupling constant, A(r, v, t) and B(r, t) are energy inputs into the electronic and atomic subsystems from the electronic and nuclear energy losses, and v is the ion velocity. It is generally assumed that the track core and the shell are produced when the temperature surpasses the boiling energy (E b ) and the melting energy (E m ), respectively [10, 11] . The observed core Using the evolution of temperature distribution, T a (r, t), the evaporation rate Φ i of i species is given by [13] ( ) (
where k B is the Boltzmann constant, N i is the atomic density of i species, M i is the atomic mass of i species and U i is the sublimation energy of i species. The sputtering yield can be estimated by integrating the evaporation rate in time t and space r on the surface. Note that this includes the contribution of the elastic-collision spike through B(r, t) and also the synergy effect between the collisional and electronic sputtering through the electron-phonon coupling. 
where c i, j are the concentration of i and j species and m denotes the power exponent of the interaction potential. Using m = 0.19 [15] and U Si = U N , Eq. (7) predicts Y N /Y Si = 1.36. This is in good agreement with the observed asymptotic value at small S e fractions (see Fig.   8 ). With increasing S e fraction, however, the observed ratio deviates from Eq. (7) and asymptotically approaches ~9. This indicates that the observed large ratio, i.e. large preferentiality of nitrogen sputtering, is attributed to the electronic sputtering although the u-TS model cannot reproduce the observed large preferentiality. In addition, the observed large sputtering yield also cannot be explained by the u-TS model as was discussed above.
These results suggest that there is an additional sputtering mechanism of the electronic sputtering other than the thermal spike mechanism.
Similar large sputtering yields (~10 4 atoms/ion) were observed for LiF bombarded by swift heavy ions [4] . The observed huge sputtering yield of LiF was reproduced by the i-TS calculation with a substantially reduced sublimation energy of 1.3 eV (cf. the sublimation energy of LiF is 2.8 eV). The strong reduction of the sublimation energy was suggested to be linked to the emission of cluster. This, however, cannot explain the present result because the cluster emission lead to stoichiometric sputtering [4] .
As was mentioned in the section 3, the nitrogen depletion occurs in the surface region down to ~ 15 nm in the case of the 540 keV C 60 irradiation (see Fig. 2 ). The TEM observation showed that 540 keV C 60 ions produce continuous ion tracks in a-SiN. The observed core radius was ~2 nm and the track length was ~15 nm [12, 16] . This track length coincides with the nitrogen depletion depth observed by RBS in the present study. Using high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM), the density distribution around the track center can be derived [17] . From the density profile, the number of the atoms removed from the track core was estimated to be ~3600 [18] .
Considering the semi-quantitative nature of the HAADF-STEM analysis, the estimated number is in good agreement with the measured sputtering yield (5020 ± 450). These results indicate that the sputtered atoms are emitted from the track core (radius ~ 2 nm and length ~ 15 nm) in the case of 540 keV C 60 irradiation. Recalling that the track core is formed in the region where the temperature surpass the boiling energy, the additional mechanism might be a kind of gas-flow mechanism [19, 20] . It is noteworthy that nitrogen depletion caused by electronic excitations were also observed for various nitride films [21 -24] . In these studies, the molecular recombination model was often used to explain the observed nitrogen depletion. In view of these studies, the preferential sputtering of nitrogen observed in the present work could be explained by the gas-flow of recombined nitrogen molecules.
V. CONCLUSION
The sputtering yield of amorphous silicon nitride irradiated with 30 -1080 keV C 60
and 100 MeV Xe ions were measured using high-resolution RBS. The results of the measurement showed that there is a synergy effect between the collisional and electronic sputtering. Large preferential sputtering of nitrogen was also observed especially at higher energies. The sputtering yields were calculated based on the u-TS model, which includes contributions of the elastic-collision spike, the inelastic thermal spike and the synergy effect.
The sputtering yields calculated with the sublimation energy of 2.5 eV were much smaller than the observed results, especially in the high energy region where the electronic energy loss is dominant. The agreement was improved if a reduced sublimation energy was used.
The observed large preferential sputtering of nitrogen, however, could not be explained by the u-TS based calculation even if different sublimation energies were used for Si and N. The present results suggest that there is an additional sputtering mechanism related to the electronic energy loss. A possible mechanism might be a kind of gas-flow mechanism associated with decomposition of a-SiN induced by electronic excitations. 
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